The 2004 Mid Niigata Prefecture earthquake (37.289 • N, 138.870
Introduction
On October 23, 2004 at 17:56 (JST), the 2004 Mid Niigata Prefecture earthquake (M JMA 6.8; Japan Meteorological Agency) struck mid-Niigata Prefecture, central Japan. The mechanism of the earthquake is estimated by Hi-net (High-sensitivity seismograph network; Obara, 2002) and F-net (Full range seismograph network of Japan; Fukuyama et al., 1996) to have been a reverse fault dipping to the northwest, as shown in Fig. 1 .
Strong motions of several dozen to more than one hundred cm/s were observed mainly at stations on the northwest side of the causative fault, where deep basins exist (e.g., Kobayashi et al., 1991; Yanagisawa et al., 1986) . These strong ground motions caused serious devastation such as house collapses and landslides.
In this paper, we review the characteristics of the strong ground motions observed by K-NET (Kinoshita, 1998) and KiK-net (Aoi et al., 2000) during the 2004 Mid Niigata Prefecture earthquake and estimate the rupture process by waveform inversion analysis. Three different velocity structure models are constructed to obtain appropriate Green's functions for the waveform inversion.
Strong Motion Observation
A total of 587 stations of the K-NET and KiK-net strong motion seismograph networks developed by the National Research Institute for Earth Science and Disaster PrevenCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB. tion (NIED) observed ground motion due to this earthquake. Most of the records were collected within 12 hours by dial-up operation from the data management center of NIED.
Relatively large peak ground acceleration (PGA) and peak ground velocity (PGV) were observed in the Tonegawa Lowland, Kinugawa Lowland, and the Kanto region, where deep basins exist (left panels in Fig. 2 ). Focusing on the near-source region, ground motions larger than 800 cm/s 2 and 60 cm/s were observed at several stations above the source region (center panels in Fig. 2 ). The maximum PGA, 1700 cm/s 2 , was recorded at station NIG021 (K-NET). At NIG019, both the PGA and PGV were large with amplitudes of 1300 cm/s 2 and 130 cm/s, respectively. The right panels in Fig. 2 show a comparison between the observed peak ground motions and empirical attenuation relationships by Si and Midorikawa (1999) . In the right-hand figure we have corrected the observed PGVs on the surface to the values for "stiff soil" where the Swave velocity is 600 m/s, following the method of Si and Midorikawa (1999) . The ground motions at NIG019 and NIG021 mentioned above are conspicuously larger than the empirically predicted values. These discrepancies are considered to arise from amplification by the underground structure and/or an inhomogeneous rupture process. The JMA Ojiya Station, located about 800 m from NIG019, also recorded a PGA larger than 900 cm/s 2 . The velocity seismograms observed at NIG019 and the JMA Ojiya Station are similar to each other in the frequency range lower than 0.67 Hz (1.5 seconds), although the PGA at NIG019 is about 50% larger than that at the Ojiya Station. Aoi et al. (2005) reported that significant differences in the spectrum amplitude appeared mainly in the frequency range higher than 1 Hz. The observed velocity seismograms show different features according to the location of the stations. Lowfrequency dominant waveforms are observed at the stations located on the southeast side of the causative fault. In contrast, a large, brief pulse commonly appears at the stations on the northwest side. Such pulses which recorded at south stations of the northwest side (e.g., NIG022) arrived a few seconds later than the expected direct S-wave arrival from the hypocenter. On the other hand, at the north stations (e.g., NIG019), such pulses arrived on time expected as arrival time from the hypocenter. These delays do not appear in the aftershock records, and the delays are longer than expected from the thickness and S-wave velocity of the sediments beneath the stations. This implies that the delays are not caused by the subsurface structure.
Rupture Process of the 2004 Mid Niigata Prefecture Earthquake

Fault plane model
We constructed a fault model for our waveform inversion analysis in order to clarify the rupture process. The fault size was assumed to be 42 × 24 km to cover aftershock distribution within 24 hours after the main shock (Fig. 1) . We set subfault size so that the expected predominant frequency due to the subfault size became slightly higher than the frequency range of the present study. We adopted N211
• E and 52
• as the strike and dip angles, respectively, of the moment tensor solution of F-net (Fig. 1) . Referring to the hypocenter of 37.289
• N, 138.870
• E, 13.1 km determined by the JMA unified catalog, we assumed a rupture starting point in our rupture process model of 13.4 km below the epicenter.
Data and method
Strong motion data from nine stations of K-NET and KiK-net whose distances from the epicenter were less than 50 km were used for the analysis. We preferred KiK-net borehole stations which are expected to be less affected by site effects due to surface layers. Additionally, several K-NET stations were used to improve station coverage. We avoided using records which include dominant surface waves. The locations of the stations are shown in Fig. 1 . The observed acceleration records were integrated into the velocity and were band-pass filtered between 0.1 and 0.67 Hz after correction of the horizontal component directions of the record (Shiomi et al., 2003) . We inverted 10 seconds of the S-wave portion from 1 second before S-wave arrivals. Theoretical Green's functions were calculated by the discrete wavenumber method (Bouchon, 1981) and the reflection/transmission coefficient matrix method (Kennett, 1983) with stratified media as shown in Fig. 3 . We introduced three types of structure models corresponding to the stations on the hanging wall, on the footwall, and NIG019. The details are described in the next section.
In order to represent rupture propagation in each subfault, the moving dislocation effect was considered following Sekiguchi et al. (2002) . We used the multi-timewindow linear waveform inversion procedure (Hartzell and Heaton, 1983) , in which the moment-release distribution is discretized both in space and time. For discretization in space, we divided the fault plane into 252 subfaults with a size of 2 km × 2 km. The subfault size was chosen so that the expected predominant frequency due to the subfault size (periodicity of point sources) became higher the frequency range of the analysis. We applied nine smoothed ramp functions of 0.7 seconds duration at 0.35-second intervals to represent the slip history on each subfault. The triggering front of the first-time-window (first ramp function) propagates at a constant velocity, and multi-time-window analysis allows variable rupture velocity and slip duration to be determined in inverted rupture models by weighted time windows. In order to suppress instability or excessive complexity, a smoothing constraint to reduce differences of slips close in space and time was introduced. Non-negative constraints (Lawson and Hanson, 1974) to limit the rake-angle variation were also adopted. The rake angles were allowed to vary within 45
• centered at 93
• , which is the rake angle of the moment tensor solution of F-net. We performed many inversions, varying the first-time-window triggering velocity and the smoothing strength. Appropriate values for the smoothing strength and the propagation velocity of the firsttime-window triggering were selected based on Akaike's Bayesian Information Criterion (ABIC; Akaike, 1980) and the residual of the waveform fitting, respectively. 
Velocity structures
In order to calculate suitable Green's functions, we constructed velocity models replacing the shallow part of the crust and upper mantle model proposed by Ukawa et al. (1984) according to geological information and borehole logging data. The underground structure of the source region is divided into two parts by Shibata-Koide Tectonic Line. The causative fault is estimated to have occurred along this tectonic line. To the southeast of the tectonic line there are outcrops of Pre-Neogene hard rocks, and on the northwest side there are deep sedimentary basins. Several geophysical studies (e.g., Kobayashi et al., 1991) have shown that the thickness of the sedimentary layers on the northwest side of the tectonic line, which corresponds to the hanging wall of our fault model, reaches several kilometers. METI (Ministry of Economy, Trade and Industry, 2001) drilled a deep borehole at a sediment site near Ojiya. The borehole reached bedrock beneath the sediment at 6 km deep. They reported that there was a significant step of P-wave velocity at 2-2.5 km deep. For the hanging wall stations, we constructed a velocity model with a 6 km sedimentary basin based on the geological information and borehole logging data.
For the stations southeast of the tectonic line, that is, the footwall stations, we introduced sedimentary layers of several hundred meters in depth based on geological information (e.g., Yanagisawa et al., 1986) . We then modified the shallowest part of our velocity structure models, based on borehole logging data of K-net and KiK-net stations for depths ranging from a few dozen to several hundred meters. We found a large discrepancy between the observations and synthetic seismograms for aftershocks in the case of NIG019 on the hanging wall. Therefore, we constructed another velocity structure model for NIG019 referring to Yamanaka et al. (2005) . They modeled the velocity structure beneath NIG019 from array observations of microtremors. The model for NIG019 had a sedimentary basin with slower P-and S-wave velocities than those for the other hanging wall stations. Using these as initial models, we modified their layer depths through trial and error by forward modeling to fit the synthetic seismograms to the observed seismograms for several aftershocks. The final models that we used for calculation of the Green's functions are shown in Fig. 3 . The classifications of the stations by velocity model are shown in Fig. 1. Figure 4 compares the observed and synthetic seismograms at three stations for an aftershock that occurred on October 25, 2004. The observed waveforms are explained well by our velocity structure models in the frequency range of 0.1-0.67 Hz. Figure 5 shows the total slip distribution obtained by the waveform inversion analysis. The result shows an almost pure dip slip fault mechanism. Figure 6 compares the observed and synthetic seismograms for the estimated rupture process. We can see two major asperities: (a) around the hypocenter, and (b) in the upper-middle section of the fault plane. The largest slip of 3.8 m occurs at asperity (a). Asperity (a) contributes to the waveforms observed at the northern stations (e.g., NIG019, NIGH01). In particular, the main pulses observed at NIG019 are generated by this largest slip. The waveforms observed at the footwall stations, NIGH12 and NIGH15, are mainly generated from asperity (b). An additional small asperity (c) southwest of the hypocenter plays an important role in explaining the characteristic waveforms that are widely observed to the southwest of the source region. The solid lines under the seismograms observed at NIG012, NIG022, and NIGH11 indicate pulses from this small asperity. The overall waveform matching is good at all the stations. The time progression of the rupture is shown in Figs. 7 and 8. Slip at the hypocenter is dominant for 3 seconds after the start of the rupture. The small asperity to the southwest of the hypocenter ruptures at 3.0-6.0 seconds after the start of the rupture. Although rupture propagates to north simultaneously, its contribution to waveforms is not large. The major rupture propagates toward the east with a velocity of 2200 m/s. This is about 67% of the S-wave velocity at the hypocenter. The total seismic moment is 1.2 × 10 19 Nm, which corresponds to Mw 6.7.
Inversion results
Discussion and Conclusions
We performed multi-time-window linear waveform inversion for the rupture process of the 2004 Mid Niigata Prefecture earthquake using three velocity structure models. We constructed two velocity structure models for stations on the hanging wall side and one for those on the footwall side, referring to geological information, borehole data, and microtremor observation results (Yamanaka et al., 2005) . We then improved these models by forward modeling for several aftershocks. Synthetic waveforms calculated by the improved velocity structure models agree well with the observed waveforms. Using these models, synthetic and observed seismograms for the main shock fit well at most stations, including the absolute amplitude and alignment of conspicuous phases. However, a detailed investigation reveals that some discrepancies still remain. The amplitudes of the main shock waveforms at NIG019 are underestimated and there are notable misfits for the U-D component at NIGH01 in Fig. 6 . Although we have examined our velocity models carefully at several hanging wall stations, the amplitudes of the synthetic seismograms are still underestimated (Fig. 3) . Moreover, the dominant surface waves cannot be represented. The results of the geophysical exploration now under way may provide us with valuable information for modifying the underground structure models.
The moment rate functions differ from each other according to the depth of the asperity (Fig. 8) . The moment rate functions of the two deep asperities, (a) and (c), have a short rise time and a sharp peak. Seismic waves radiated from these asperities largely contribute to the generation of the large, brief pulses at stations on the hanging wall. In contrast, the source time functions of the shallow asperity (b) have a longer rise time, and cause ground motion with a dominant low frequency. This rise time variation suggests that the stress drop at the deeper asperities is larger than that at the shallower asperity.
As mentioned in Section 2, arrival time of main phases at southern stations on the hanging wall are significantly later than expected arrival time of direct S-wave from the hypocenter,. This is because contribution of asperity (c) is most dominant in waveform of the south stations and asperity (a) hardly contributes to waveform of those stations. Kamae et al. (2005) also obtained a small asperity at the southwest of the epicenter by the empirical Green's function method. They concluded that a small asperity was essential to reproduce high-frequency ground motions with large peak acceleration recorded at NIG021 and NIG022. These results suggest that time delay of remarkable pulses observed at the southern stations is owing to locations of asperity which contribute to the waveforms.
Our inversion results show that the rupture propagated from the hypocenter mainly toward the up-dip direction. This corresponds well with the fact that the centroid depth of the moment tensor solution, 5 km as determined by Fnet, is shallower than the depth of the hypocenter, 13 km, determined by Hi-net data.
